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A B S T R A C T
Reducing legacy soil phosphorus (P) is recognised as an eﬀective measure to mitigate diﬀuse P losses from
agricultural landscapes and alleviate trophic pressure to freshwaters systems. Accounting for the distribution of
P within farms is critical in identifying ﬁelds of agronomic underperformance and/or environmental risk to
water as a consequence of inadequately managed re-cycling of P. There is also a need to understand how P use
and legacy soil P evolves under the Nitrates Action Programme (NAP) regulations from the European Union (EU)
Nitrates Directive. In an Irish case study the aim was to provide a systematic and detailed audit of P balance and
soil P responses and trends in two mixed land use agricultural catchments (Arable A and B) across a four year
study period. Driven by increased mineral P inputs the ﬁeld balances in the Arable A catchment had an average
surplus P, ranging from 1.9 to 7.5 kg ha−1 yr−1. However, between the study period 2010 to 2013, the average
soil test P (STP) levels declined, with the area of excessive soil P concentrations decreasing by 8%. Similarly, in
the Arable B catchment the average annual P inputs increased the surplus ﬁeld P from -0.42 to 25.5 kg ha−1
yr−1, but the area of excessive soil P concentrations increased by 4%. In part, this increase is attributed to some
ﬁelds receiving excess applications of organic nutrient forms above crop requirements. Whilst, the legacy soil P
declined in the Arable A catchment indicating a response to NAP, for both catchments it is evident that the
distribution of P sources within farms was poor and P inputs often did not match crop and soil P requirements at
the ﬁeld scale. This study highlights the need for improved support to knowledge transfer mechanisms that can
deliver better farm and soil speciﬁc nutrient management planning strategies. Without this consideration,
achieving the dual beneﬁts of improvement to water quality and increased crop output from agricultural
landscapes will be restricted.
1. Introduction
Legacy soil phosphorus (P), the residual store of P accumulated in
soils above agronomic requirements (Kleinman et al., 2015), is re-
cognised as prolonging the agricultural source pressure to freshwater
quality (Tunney, 2002; Cassidy et al., 2017; Withers et al., 2017). The
impacts can oﬀset and overwhelm catchment mitigation measures to
reduce P input loads to agricultural systems due to the highly ad-
sorptive capacity of some soils to retain P and which, in small amounts,
is released slowly to natural runoﬀ (Sharpley et al., 2013). Small P
ﬂuxes from land relative to P inputs are, however, known to account for
water quality pressures and especially related to the eutrophication of
water resources (Withers et al., 2014a). Managing legacy P, therefore,
remains a challenge to both water quality and to catchment mitigation
measures that are often expensive to implement and carry an economic
burden (Buckley et al., 2012; Sharpley, 2016).
There is a recognition that further soil P accumulation to legacy
stores adds to environmental risk without beneﬁtting agricultural
output and that, in areas of existing legacies, soil P mining is required
(Schulte et al., 2010; Sattari et al., 2012; Withers et al., 2014b). In these
scenarios, soil P drawdown is induced over time so that soil P con-
centrations become agronomically optimum but less environmentally
risky. This type of soil P management planning is written into guide-
lines and regulations where agricultural production is industrialised but
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is explicit as part of some member states’ Nitrates Action Programmes
(NAP) following the European Union (EU) Nitrates Directive (OJEC,
1991).
In Ireland, the NAP (Statutory Instrument (SI) 610 of 2010, 31 of
2014 and 605 of 2017) sets limits on agricultural nitrogen (N) use and
also includes regulations on nutrient P inputs to soils using a soil test P
index system based on soil Morgan P (Morgan, 1941) extraction (soil
test P (STP)). The inclusion of P in this NAP recognises the role this
nutrient has on eutrophication processes in Ireland’s extensive fresh-
water resource (Fanning et al., 2017). The Morgan STP index system for
grassland and arable soils in Ireland diﬀers slightly in the ranges for
Morgan extractable P (mg l−1). For grassland soils P index 1 soils (very
low) have STP concentrations between 0–3.0mg l−1, P index 2 soils
(low) between 3.1–8mg l−1, index 3 (agronomic optimum STP range)
between 5.1–8.0 mg l−1 and P index 4 soils (high/increased environ-
mental risk)> 8mg l−1. For arable soils P index 1 soils are
0–3.0mg l−1, P index 2 soil are between 3.1–6.0mg l−1 P index 3 soils
are between 6.1–10mg l−1 and P index 4 soils are> 10mg l−1 (Wall
and Plunkett, 2016). Since there is a strong linear relationship between
STP and P loss (Tunney et al., 1998), soils in index 4 are considered to
pose the greatest risk to water quality. For this reason it is desirable to
allow the P level of these soils to decrease over time.
In addition to soil chemistry processes, an important mechanism by
which a soil builds-up, maintains or draws-down a soil P legacy is re-
lated to the P balances operating at the farm scale (Wall et al., 2012).
Phosphorus inputs to the farm system includes inorganic fertilizers and
concentrates (for animal production), and imported manures and slur-
ries for recycling. Outputs include meat and milk (for animal produc-
tion), crop removal (for arable land). To maintain optimum P status in
soils, P removed in outputs must be replaced through further inputs.
Soil P status and farm P balance information are also important for
identifying potential opportunities for arable spread-lands to be used by
third-party intensive housed animal enterprises (Schröder et al., 2016).
In Ireland, increased P inputs to agricultural soils (up to+5 kg ha−1)
from pig, poultry manure and spent mushroom compost (SMC) sources
have been allowed under the NAP regulations, with only pig manure
allowed under recent NAP revisions (SI 605, 2017). These transitional
arrangements promote recycling of P from intensive housed animal and
horticultural enterprises speciﬁcally onto arable land. This enables
farmers receiving P from organic sources to use a positive P balance
over the deﬁned transitionary period, usually 4 years.
Despite the importance of farm scale P balances for managing
Fig. 1. Location of study catchments in Ireland and the soil types, stream network and monitoring stations for Arable A (a) and Arable B (b) catchments.
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optimum soil fertility, Wall et al. (2012) noted how scale can hide
important management processes and trends when reporting on soil P
states and balances. For example, ﬁelds as hotspots of agronomic un-
derperformance and/or environmental risk may be hidden if data are
averaged out at the farm and catchment and ultimately national scale.
When considering the disproportionate risk that hotspots of ﬁeld-scale
high soil P may have on the environmental burden if they are hydro-
logically connected (Thomas et al., 2016), it is important to demon-
strate how these soil P phenomena develop and especially when in-
ﬂuenced by international policies such as EU NAPs.
Ireland has a small but important arable production system covering
approximately 7% (CSO, 2012) of all agricultural land and largely
concentrated on the eastern side of the island. Farms rarely operate on a
wholly arable system and, when scaled up to small catchments (ca.
10 km2), the total arable cover rarely exceeds 50% (Melland et al.,
2012) with the remainder under some type of grassland management.
Nevertheless, this mixed land use type has the potential for large var-
iations in ﬁeld scale soil P state, balance and subsequent agronomic/
environmental risk hotspots due to large diﬀerences in P input and
oﬀtake.
To understand how P use and legacy soil P evolved under NAP
regulations, this study aimed to provide a systematic and detailed audit
of P balance and soil P responses and trends in mixed land use agri-
cultural catchments. The context was to determine the magnitude of
these pressures alongside water quality status and the objectives were
two-fold:
1 Using continuous and repeat surveys to determine P balance, as a
measure that would inﬂuence P use eﬃciency and soil P mobiliza-
tion potential across mixed land-use landscapes.
2 Using repeat soil surveys to monitor the distribution of soil P trends
where the primary policy directions were to decrease excessive soil
P status towards at least optimum for agronomy.
2. Materials and methods
2.1. Study Areas and water quality context
The two mixed land use study catchments are described in detail
elsewhere (Fealy et al., 2010; Wall et al., 2012) and summarised here.
As in previous publications these catchments are referred to as Arable A
and B (Wall et al., 2012; Melland et al., 2012; Sherriﬀ et al., 2015). The
Arable A catchment is 11.2 km2 and located in the south-east of Ireland
(Fig. 1a) and has a cool temperate maritime climate with a mean annual
rainfall of 1060mm (1981–2010, Met Éireann, Table 1). The bedrock
geology underlying this catchment consists of Ordovician volcanic slate
of reddish-purple buﬀ-coloured mudstone inter-bedded with green-grey
mudstone and thin silt-stone deﬁned as the Oakland formation
(Mellander et al., 2012). The soil is mostly a well-drained, Brown Earth
soils (Cambisols) (88%), with the lesser proportional areas of gleyic
Brown Earths, Brown Podzolics (Cambisol) and Groundwater Gleys
(Gleysol). Arable production was the principle land management use
between 2010 and 2013 (average 61% area), dominated by spring
barley (c. 563 ha). A smaller proportion (average 27% area) was
grassland utilized by mostly beef and sheep enterprises, at average
stocking intensity of the grazed areas of 0.83 livestock units (LU) ha−1
(ranging from 0.18 to 2.1 LU ha-1).
Arable B catchment is 9.5 km2, located in the north-east of Ireland
(Fig. 1b), and also has a cool temperate maritime climate but with a
lower mean annual rainfall of 758mm (1981–2010, Met Éireann,
Table 1). The bedrock geology consists of Ordovician-Silurian calcar-
eous greywacke and dark-grey to black banded mudstone deﬁned as the
Salterstown Formation (Sherriﬀ et al., 2015). Approximately one-third
of the catchment is made up of a mixture of poor to moderately drained
Surface-water, Groundwater Gley soils (Gleysol), stagnic/gleyic Brown
Earth soils (Cambisol) with the remaining proportion of the catchment
of moderately drained Luvisols and well drained Brown Earth soils,
Brown Podzolics (Cambisol) and Lithosols (Leptosol). A large propor-
tion of the Arable B catchment was in grassland (average 44% area)
utilised by dairy, beef and sheep enterprises with an average stocking
intensity of the grazed areas of 1.04 LU ha−1 (ranging from 0.07 to 3.9
LU ha-1). Due to the high density of arable winter-sown production
(average 34%) on poor to moderately drained soil this catchment is
hence deﬁned as an arable catchment. The characteristics of both
catchments are summarised by Melland et al., 2012 and in Table 1.
The water quality context for this study was based on results from
previously published work. Arable A has reported mean annual total
reactive P (TRP) concentrations in streamwater below the
Environmental Quality Standard of 0.035mg/l and Arable B at least
three times this threshold (Melland et al., 2012). Jordan et al. (2012)
described Arable B as providing conditions for fast runoﬀ pathways and
hence being more vulnerable to P runoﬀ during storm events. Shore
et al. (2017) supported this, showing P from organic sources was pre-
sent at both high ﬂows and for considerable periods during low ﬂows
from both agricultural and domestic sources.
Table 1
Characterises of the study catchments.
Arable A Arable B
Total area (km2) 12.2 9.5
Climate Cool temperate maritime Cool temperate maritime
Topography Rolling with a steep-ridge to ﬂat (0-16°) Rolling to ﬂat (0-22°)
Bedrock geology Ordovician volcanic slate inter-bedded with mudstone
and thin siltstone
Ordovician-Silurian calcareous greywacke and banded mudstone
Dominant soil type Well-drained typical brown earth (Cambisols) Poor-moderately drained gley (surface water and groundwater)
soils (Gleysols)
Land-Use 61% arable, 27% grassland, 1.5% habitat & 10.5% other
or non-agricultural
34% arable, 44% grassland, 1% habitat or forestry & 21% other or
non-agricultural
Elevation (m AOL) 20-210 30-220
Mean annual air temperature 2010-2013 (oC) 9.6 9.4
Mean average soil temperature 2010-2013 (oC) 10.6 10.3
Mean annual rainfall* (mm) 1060 758
Mean annual catchment rainfall 2010-2013
(mm)
945 880
Mean annual runoﬀ coeﬃcient 2010-2013 0.50 0.49
Mean annual stream runoﬀ 2010-2013 (mm) 474 431
Stream order 3 3
Annual average over the 4 year study period 2010 to 2013.
* 30 year average (1981–2010) from Johnstown Castle the nearest synoptic station to Arable A and Dublin Airport the nearest synoptic station to Arable B.
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2.2. Field P inputs, removal and balances
Using a nutrient management recording (NMR) system, nutrient P
inputs as mineral and organic fertilizer (rate and form) were captured
by agricultural advisors from farms within both catchments between
2010 and 2013. This included the quantity and type of supplementary
concentrate feed available for re-distribution at grazing, annual animal
stocking rates, grazing duration and nutrient P removal in grain, straw
and grass forage. These data were captured continuously across the
4 year study period for individual ﬁelds representing 92% and 73% of
the soil sampled area within Arable A and Arable B catchments re-
spectively.
2.2.1. Phosphorus inputs
Using the NMR, annual fertilizer P input loads were estimated for
each catchment using a structured query reporter (SQL) data base
system (Oracle, CA, USA). The main imports of P onto these farms were
in the form of mineral fertilizers, concentrate feedstuﬀs and livestock.
Where data were provided for the whole farm, the total available P in
the annual concentrate feedstuﬀs was distributed over the farms’
Table 2
Field P inputs, removal, balances, soil P build up and soil P balance in Arable A and B catchment in 2010–2013.
Arable A Arable B
Area represented (ha) 1043.57 750.45
Number of ﬁelds (sub-ﬁelds) 401 341
Year 2010 2011 2012 2013 All years 2010 2011 2012 2013 All years
Inputs
Mean total fertilizer P applied (kg ha−1 yr-1) 25.0 26.0 28.8 32.2 28.0 23.1 33.8 37.5 39.3 33.4
Min total fertilizer P applied (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max total fertilizer P applied (kg ha−1 yr-1) 74.1 87.0 67.1 108.8 84.3 170.5 205.6 186.2 173.0 183.8
Standard Deviation total rate of P applied 16.2 17.4 14.8 18.1 16.6 32.1 43.9 47.3 41.3 41.2
Total fertilizer P applied to the catchment (kg) 26116 27633 31333 34317 29850 18912 28448 31473 32606 27860
Mean mineral fertilizer P applied (kg ha−1 yr-1) 21.5 23.4 25.2 28.2 24.6 8.13 9.28 10.93 17.71 11.5
Min mineral P applied (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max mineral P applied (kg ha−1 yr-1) 74.1 74.1 49.4 98.8 74.1 170.5 55.6 55.6 170.5 170.5
Standard Deviation total rate of mineral P applied 14.1 15.7 13.5 14.6 14.5 14.30 11.5 13.9 22.18 15.5
Total chemical P applied to the catchment (kg) 22204 24916 27290 29994 26101 5787 7158 8652 12999 8649
Mean organic fertilizer P applied (kg ha−1 yr-1) 3.51 2.65 3.56 4.00 3.43 15.0 24.5 26.5 21.6 21.9
Min organic P applied (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max organic P applied (kg ha−1 yr-1) 48.0 35.6 35.6 53.2 43.1 118.6 185.3 186.2 156.6 161.7
Standard Deviation total rate of organic P applied 9.72 8.09 9.54 10.6 9.49 31.8 42.9 46.7 37.8 39.8
Total organic P applied to the catchment (kg) 3911 2717 4042 4323 3748 13125 21290 22821 19607 19211
Mean concentrate P fed at grazing (kg ha−1 yr-1) 2.22 1.09 1.29 1.32 1.48 1.61 1.57 1.07 3.39 1.91
Min concentrate P fed at grazing (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max concentrate P fed at grazing (kg ha−1 yr-1) 14.1 3.7 4.0 3.9 6.42 10.0 8.0 7.9 14.5 10.1
Standard Deviation concentrate P fed at grazing 3.7 1.5 1.5 1.5 2.04 3.0 2.3 1.2 4.0 2.6
Total concentrate P fed at grazing to the catchment (kg) 828 295 325 319 442 647 653 419 1,349 767
Removal
Mean crop P removal (kg ha−1 yr-1) 23.1 24.0 23.3 25.1 23.9 24.5 25.3 21.7 24.2 23.9
Min crop P removal (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max P crop removal (kg ha−1 yr-1) 45.5 42.8 42.8 48.7 44.9 56.4 51.0 42.6 58.8 52.2
Standard Deviation of crop P removal 10.0 10.6 9.4 9.4 9.9 15.0 14.8 11.9 15.5 14.3
Total crop P removal from the catchment (kg) 24748 26227 25409 27342 25932 19440 19847 17291 19358 18984
*Mean stocking rate change kg P ha−1 yr-1 – −1.17 0.95 0.49 0.09 – 2.67 1.18 2.99 2.28
*Min stocking rate change kg P ha−1 yr-1 – −14.7 −17.3 −14.1 −15.4 – −18.0 −24.8 −21.2 −21.3
* Max stocking rate change kg P ha−1 yr-1 – 13.8 13.4 9.90 12.4 – 34.5 36.8 50.0 40.4
* Standard Deviation of stocking rate change – 4.7 4.4 4.1 4.4 – 10.8 6.4 9.0 8.7
Total stocking rate change in the catchment (kg) – −468 230 155 −28 – 1585 547 1152 1095
Mean soil P Build-up required (kg ha−1 yr-1) 8.7 8.6 8.6 8.6 8.6 9.7 9.5 9.8 9.4 9.6
Min soil P Build-up required (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
Max soil P Build-up required (kg ha−1 yr-1) 30 30 30 30 30 50 50 50 50 50
Standard Deviation soil P Build-up required 8.3 8.2 8.2 8.2 8.2 9.3 8.7 9.6 8.9 9.1
Total soil P Build-up required in the catchment (kg) 8665 8720 8703 8648 8684 7048 7061 7098 6834 7010
*Mean NAP-P limits (kg ha−1 yr-1) 26.3 27.5 26.5 26.8 26.8 28.8 26.6 27.3 24.6 26.4
*Min NAP-P limits (kg ha−1 yr-1) 0 0 0 0 0 0 0 0 0 0
*Max NAP-P limits (kg ha−1 yr-1) 70 75 60 70 68.8 125 125 125 100 118
Standard Deviation NAP-P limits 16.2 16.6 15.8 16.5 16.3 20.3 18.0 20.2 17.6 19.0
Total NAP-P limits of the catchment (kg) 26793 28361 27296 27916 27591 19,943 20,418 20,274 18,780 19,854
Balances
Mean P balance (kg ha−1 yr-1) 2.67 1.89 6.14 7.54 4.56 −0.59 13.9 19.0 25.5 14.5
Min P balance (kg ha−1 yr-1) −37.8 −35.8 −30.4 −36.5 −35.1 −46.3 −42.5 −33.5 −41.9 −41.1
Max P balance (kg ha−1 yr-1) 55.3 69.2 76.2 80.0 70.2 148.9 181.6 166.4 166.6 165.9
Standard Deviation P balance 16.9 18.3 14.9 18.1 17.1 30.0 46.3 44.5 47.0 42.0
Total P balance of the catchment (kg) 2196 1233 6478 7448 4339 119 13507 16844 21390 12965
Mean Soil P Balance(kg ha−1 yr-1) −6.06 −6.74 −2.48 −1.05 −4.08 −10.3 4.43 9.23 16.1 4.87
Min Soil P Balance(kg ha−1 yr-1) −43.3 −65.8 −38.5 −38.5 −46.5 −60.0 −67.8 −50.0 −81.4 −64.8
Max Soil P Balance(kg ha−1 yr-1) 39.4 65.7 76.2 77.3 64.6 148.9 171.9 166.4 166.6 163.5
Standard Deviation of Soil P Balance 16.9 18.8 15.1 18.4 17.3 33.2 48.1 47.4 50.7 44.9
Total soil P balance of the catchment (kg) −6469 −7487 −2225 −1200 −4345 −6928 6446 9746 14556 5955
*Diﬀerence between the current year and previous year’s stocking rates (in the form of total P per kg), using 2010 as the baseline year.
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grazing areas, following a standard deduction of 300 kg of feed per
85 kg livestock manure N (i.e. per LU) assumed to be fed over the
winter housing period (SI 31, 2014). This ensured that the P in feedstuﬀ
consumed by the livestock during the winter housing period was not
double counted in the organic manure collected and stored over the
same period and later applied to the land. Standard P concentrations
were applied to diﬀerent feed types using reported values (Ewing,
2002; Kavanagh, 2011). Changes in organic P loading (excreted P) from
grazing livestock on each ﬁeld were calculated as the diﬀerence be-
tween the current year and previous year’s stocking rates (in the form of
total P per kg), using 2010 as the baseline year.
2.2.2. Phosphorus outputs
The main outputs of P from these farms were in crops, meat and
milk removal. For calculating the P removal from ﬁelds, P concentra-
tions for the diﬀerent crop types and animal outputs were used based on
standard and reported values (McDonald et al., 1995; Ewing, 2002;
Jarvis et al., 2002; Kavanagh, 2011; CSO, 2012; Wall and Plunkett,
2016).
2.2.3. Phosphorus balances
Three P balance calculations were developed from these data: (i)
ﬁeld P balance, (ii) optimum soil P balance and (iii) regulated Irish NAP-P
allowance balance. The ﬁeld P balances were calculated by subtracting
the total P outputs from the total P inputs for each ﬁeld each year. The
optimal soil P balances were calculated by subtracting the total P outputs
plus the soil P build-up requirement from the total P inputs for each
ﬁeld. Based on soil test analysis for each ﬁeld the recommended soil P
build-up rates used were 10 kg ha−1 and 20 kg ha−1 for cereal and
grassland soils deﬁned as index 2 (deﬁcient) and index 1 (extremely
deﬁcient), respectively (Wall and Plunkett, 2016). The regulated NAP-P
allowance balances were calculated by subtracting the total maximum P
limits set out in the NAP that are crop type or stocking rate and soil test
P speciﬁc (SI 610, 2010) from the total fertilizer P inputs (mineral and
organic).
2.3. Soil P analysis
Using spatially identical sampling areas typically< 2 ha, the STP
status across Arable A was assessed by soil sampling each ﬁeld
(1134 ha) in 2009 and again in the autumn-winter of 2013. Similarly in
Arable B, all ﬁelds were sampled in 2010 and again in 2014 (1030 ha).
The sampled ﬁelds were within and joining the catchment boundaries.
These soil samples were collected to the standard agronomic depth of
0–10 cm, with at least 20 sub-sample cores (2.5 cm diameter) per
sample, taken in a W pattern from each sampling area, bulked, oven-
dried (40 °C), sieved (< 2mm) and analyzed for Morgan extractable
soil P (Morgan, 1941). Results were area weighted and comparisons
made between the two sample periods as percentage changes between
STP concentration and index categories over the catchment areas.
3. Results and discussion
3.1. Field P management practices
3.1.1. Fertilizer P inputs
From the records provided by the landowners, most of the P inputs
to the land in both catchments was total fertilizer P (99% in Arable A
and 94% in Arable B). In Arable A the mean annual total fertilizer P
applied increased from 25.0 to 32.2 kg ha−1 yr−1 between 2010 and
2013, which equates to an increase of 8201 kg P in total P fertilizer
loading within the catchment over the study period (Table 2). In
comparison, in Arable B the mean annual total P fertilizer inputs in-
creased from 23.1 to 39.3 kg ha−1 yr−1 between 2010 and 2013,
(consistently higher from 2011 to 2013) which equates to an increase of
13,694 kg P loading within the catchment over the 4 year study period
(Table 2). Between 2010 and 2013 the average P inputs for the domi-
nant catchment cereal crops of spring barley (29 kg P ha−1 in Arable A)
and winter wheat (16 kg P ha−1 in Arable B) were for most years
comparable with typical P input levels to cereal crops nationally (Dillon
et al., 2018). Of this total fertilizer P applied in each of these catch-
ments, mineral P was the dominant form (87%) in Arable A where 53%
of this mineral P was applied in the compound N-P-K fertilizer for-
mulation of 10-10-20, whereas in Arable B the mineral P (42% of the
total P fertilizer applied) was applied in the form of two N-P-K com-
pounds 10-5-25 (22%) and 10-10-20 (20%). Where organic P was ap-
plied in Arable A it constituted mostly of farmyard manure (FYM) with
smaller quantities of cattle and pig slurry. In Arable B 69% of P applied
was organic P in the forms of cattle slurry and FYM, with some appli-
cations of imported poultry manure and spent mushroom compost from
outside the catchment area.
3.1.2. Phosphorus removal
The mean P removal in crops (i.e. cereals, roots, pulses and grass
forage) for the ﬁelds in both catchments remained relatively similar
across the study period (23.9 kg P ha−1 yr−1; Table 2). However, the
untypically wet summer of 2012, where the average rainfall of 533 and
489mm between May and August for Arable A and Arable B, respec-
tively, contributed to lower crop yields and hence P removal in this
year. This impact was most apparent in the moderate to poorly drained
Arable B catchment, where mean crop P-oﬀtake was at its lowest level
(21.7 kg P ha−1; Table 2) over the study period.
In Arable A, a small proportion of the land area was used for
grazing, typically at low stocking densities, and P recycled by grazing
livestock across this catchment was low (Table 2). In contrast, in Arable
B, the average P cycling from grazing livestock increasing on the grazed
grassland area over the study period, due primarily to increasing live-
stocking densities, especially in 2013 (Table 2). This increase originated
from land-use change from tillage to dairy production systems and from
the increase in dairy cow numbers on existing dairy farms as they in-
tensiﬁed in preparation for post milk quota in 2015, in line with the
national strategy to increase milk production targets (DAFM, 2015).
The Irish national average stocking density of c. 1.2 LU ha−1 on
grassland is relatively low (EUROSTAT, 2017).
3.2. Phosphorus balances
3.2.1. Field and optimum soil P balances
Reﬂecting the increasing trends in P fertilizers inputs to each
catchment, the average ﬁeld P balance within the Arable A catchment
increased from 2.7 kg ha−1 in 2010 to 7.5 kg ha−1 in 2013, and simi-
larly, in Arable B increased from -0.6 kg ha−1 in 2010 to 25.5 kg ha−1
in 2013 (Table 2). Over the 4 years of this study the average P balance
was, on average, 9.9 kg ha−1 higher in Arable B compared to Arable A.
The average optimum soil P balance for ﬁelds in Arable A, which
includes P build-up requirement for low soil P ﬁelds (STP index 1 and
2), showed a P deﬁcit each year over the 4 year study period. Moreover,
despite the overall increase in P inputs into Arable A and the average
concurrent soil P deﬁcit decrease from -6.1 kg P ha−1 in 2010 to -1.1 kg
P ha−1 in 2013 (Table 2), the data indicate that these levels of fertilizer
P input were insuﬃcient to satisfy the P build-up requirement of the
catchment soils. In Arable B, the average optimum soil P balance was in
deﬁcit in 2010, however, as the P inputs increased substantially be-
tween 2011 and 2013, an average soil P surplus occurred in these years
(Table 2), indicating that soil P build-up and surplus P above crop re-
quirement was occurring in a proportion of these ﬁelds.
Knowledge of the average P balance according to the cropping
systems within these agriculturally dominated landscapes can inform
the speed at which legacy soil P build-up or draw down may occur
(Wall et al., 2013). In this study the largest mean ﬁeld P balance and
optimum soil P balance were 73.3 kg ha−1 yr−1 and 59.7 kg ha−1 yr−1,
respectively, in ﬁelds occupied by maize crops. In contrast, the lowest
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mean ﬁeld P balances (-14.6 kg ha-1 yr−1) and optimum soil P balance
(-43.1 kg ha-1 yr−1) were in grassland ﬁelds where herbage was re-
moved as ﬁrst cut silage (Table 3). Regardless of the number of ﬁelds
occupied by individual crops and the number of farm managers, there
was large variability in ﬁeld and optimum soil P balances most notably
for the following crops; winter barley, winter wheat, spring wheat,
grass: grazing only, winter oats, potatoes (maincrop), grass: 2 cut+
grazing and maize, as indicated by their high standard deviations
(Table 3). This highlights the large variability of P management even
within crop type.
The main crops in Arable A catchment were, spring barley, winter
wheat, grass: 1 cut silage+ grazing and grass: grazing, and represented
80% of the land area. In contrast, in Arable B, the main crops were
winter wheat, winter barley, grass: 2 cut silage+ grazing and grass:
grazing, and represented 70% of the area. Comparing all of the domi-
nant crops in both catchments the range of the P balances (ﬁeld and
optimum soil P) were on average 1.6 times higher in Arable B. There
was a larger range in ﬁeld P balances across Arable B compared to
Arable A, for example 187.6 kg P ha−1 on the grazed grass and 204.1 kg
P ha-1 yr−1 in winter wheat ﬁelds in Arable B (Fig. 2b), compared to
93.4 kg P ha−1 on spring barley ﬁelds in Arable A (Fig. 2a). This in-
dicates that nutrient (P) management of the speciﬁc crops types or
grassland stocking rates in each catchment are the main source of dis-
similarity in their P balances.
3.2.2. Regulated NAP-P allowance balances
In Ireland maximum P fertilizer application limits were set out in
the NAP (SI, 610 of 2010) according to crop type, stocking rate and
within STP indices. The mean NAP-P limits per hectare were similar for
both Arable A and Arable B catchments across the study periods (26.8
and 26.4 kg ha−1 yr−1, respectively, Table 2). However, for individual
ﬁelds the highest crop speciﬁc NAP-P limit of 125 kg ha−1 yr−1 was
within the Arable B catchment where maincrop potatoes (Solamum tu-
berosum) on STP index 1 soils were grown (Table 2). In Arable A and
Arable B 56.1% and 50.2% of the area respectively received P fertilizer
applications less than the NAP-P limits in accordance to crop type and
stocking rate (Fig. 3a). This equated to an annual average shortfall of
5047 kg and 8503 kg in total P applied according to the recommended P
limit across this area of Arable A and Arable B, respectively. Similarly,
in both catchments these lower P applications occurred mainly on the P
deﬁcient soils (index 1 and 2) (Fig. 3b and d).
In Arable A, a further 7.5% of the catchment area had P fertilizer
applications equal to the NAP-P limits, mostly in ﬁelds with zero P
applications due to high STP levels (P index 4) where no additional P
inputs are allowed (Fig. 3a and b). In Arable B, 16.9% of the catchment
area had P fertilizer applications equal to the NAP-P limits (Fig. 3c).
However, 11.0% of this balanced area had received SMC and poultry
manure applications, under transitional provisions of the NAP (SI, 2009
and 2010) where P application levels could be in excess of crop P re-
moval, up to until a maximum of 5 kg ha−1 in excess limit was in-
troduced in 2013. If these transitional arrangements were not in eﬀect
during the study period then, on average, only 5.5% of this area would
have had P applications equal to the NAP-P limits (Table S1).
On average, one-third of both catchment areas (36% of Arable A and
33% of Arable B) received P fertilizer inputs in excess of the NAP-P
limits. The annual average surplus in total P that exceeded the re-
commended P limit across this area in Arable A and B was 7306 kg and
8688 kg, respectively. The majority (> 53%) of the P application ex-
cesses were represented by the index 4 soils (Fig. 3b and d) ranging
from 11 to 67 kg P ha−1 yr −1 in Arable A and 3.71 to 151.5 kg P ha−1
yr−1 above the NAP allowance in Arable B. If the transitional provisions
for the increased application of poultry manure and spent mushroom
compost were removed this area of exceedance of the NAP-P limits
across the four year study period increases by 11% (i.e. up to 44%,
Table S1).Ta
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3.3. Trend in soil test P (STP)
While source P inputs increased in both catchments, the direction of
change in area-weighted mean STP concentrations upon resampling in
2013/2014 diﬀered between the catchments. In Arable A soils declined
from 6.19mg l−1 in 2009 to 5.22mg l−1 in 2013 (n=401 ﬁelds). The
area of Arable A with soil P in excess of agronomic optimum (P index 4)
decreased by 4% (17% to 13%; Fig. 4a) over this period. The area with
soil P levels within the agronomic optimum range (P index 3) decreased
by 3% (23 to 20%) and there was a subsequent increase in area with P
deﬁcient soils, where the area of P index 2 increased from 35% to 36%
and the area of P index 1 soils from 25 to 31% over the 4 year period. In
contrast, across Arable B the area of soil P index 4 soils increased by 4%
(22% to 26%; Fig. 4b), the area within P index 3 and 2 remained re-
latively constant at 17% and 34% respectively. There was a 5% de-
crease in the area of very low P index 1 soils (28 to 23%; Fig. 4b). These
changes in STP across the farmed land within Arable B indicate a
convergence of STP towards the optimum and above (i.e. P index 3 or
4), as the area-weighted mean STP increased from 6.71mg l−1 in 2010
to 9.10mg l−1 in 2014 (n= 341 ﬁelds). However, the median STP re-
mained relatively constant at 4.20mg l−1 in 2009 and 4.65mg l−1 in
2014, indicating that this increase in STP was occurring in a relatively
small proportion of the Arable B catchment.
Within ﬁelds with very low P soils (P index 1) in both catchments
there was an increase in mean STP concentrations, but the mean change
in STP concentration was approximately 4 times higher in Arable B
(1.60 mg l−1) compared to Arable A (0.30 mg l−1) (Fig. 5a). Within the
other three soil P index ranges (2–4) the STP concentrations decreased
in Arable A and increased in Arable B (Fig. 5b). Fields with STP levels
above the agronomic optimum (P index 4) showed the largest mean
reductions in STP of 4.08mg l−1 for the Arable A soils and the largest
increases in the mean STP of 5.51mg l−1 for Arable B.
This variability in STP concentrations across these catchments, and
other similarly monitored catchments (Wall et al., 2012; Murphy et al.,
2015) and across farms nationally (Plunkett and Wall, 2016), is a
continuing issue. At a European scale, the LandUse/LandCover Area
Frame Survey (LUCAS) of 2009 and 2012, reported large diﬀerences in
STP levels between croplands within and between 27 EU member states
Fig. 2. Field P (dark grey boxes) and optimal P (light grey boxes) balances of the four dominant crops types in the Arable A (a) and Arable B (b) catchments, across
the study period 2010–2013. The dotted line represents the mean.
Fig. 3. The average across four study years (2010–2013) areal
proportion of P applied (as fertilizer) that was less than (P
applied < NAP), equal to (balanced P applied) and/or exceeded
(P applied > NAP) crop and/or animal requirement allowances
as set out in the national action programme (NAP) SI, 106 of 2010
in within (a) Arable A and (b) the Arable B catchments and within
each baseline soil test P index for (c) Arable A and (d) Arable B.
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(Tóth et al., 2014). Approximately half the samples collected in this EU
wide study had high to very high STP levels, with larger STP levels
observed in the North-West regions of Europe due to higher expected
crop yields, fertilizer inputs, and probable livestock densities under
favourable climatic conditions (Tóth et al., 2014). In this current study,
annual P balance provided an indication of how P inputs may change
STP over time. The cumulative P balance over the 4 year soil census
period did not necessarily provide further information, as many other
soil, management and climatic factors also aﬀect soil P pools.
While nutrient management planning by farmers in conjunction
with their local farm advisor in Arable A appears to have inﬂuenced
redirecting P inputs from high STP soils (index 4) to lower soil P ﬁelds,
the increasing areas of index 1 and 2 soil up to 2013 indicates that
increased P inputs will be required (according to farm planning) to
correct the imbalances in the future. However, in Arable B the advice to
distribute P inputs across the low STP ﬁelds and away from the high
STP soils (index 4) within farms and across the catchments is a con-
tinual challenge, especially on farms where organic manures are being
imported.
3.4. Implications for future nutrient management planning
Both Wall et al. (2012) and Roberts et al. (2017) have associated the
over application of P inputs, above the P requirement of the soil and
crop, with lack of farmer knowledge of the soil test results, soil type,
and poor or absent nutrient management planning (NMP) at the ﬁeld
scale on farms. The N to P ratios within organic manure sources are
often mismatched with the N and P requirements of crops (Withers
et al., 2014b) and, hence, situations of over-application of P may result
as a consequence of fulﬁlling the N requirement of a crop ﬁrst. There-
fore, the awareness by farmers of the P contribution by organic manure
inputs are often overlooked (Murphy et al., 2015). Manures such as
poultry litter typically have relatively high available N (11.0 kg N t−1)
and P (6.0 kg P t−1) concentrations compared to cattle or pig slurries
(Wall and Plunkett, 2016). A high density of poultry enterprises are
located in the north-east of Ireland and are in close proximity for land
spreading to Arable B. For farmers within this catchment and similar
catchment types, importation of this poultry manure in accordance with
the NAP allowances (i.e. not exceeding 170 kg N ha−1 limit) provides a
cheaper alternative source of N compared to mineral fertilizer N inputs.
Increased awareness of the value of P from poultry and pig manures has
not been assisted by the transitional provisions. In some cases the ob-
jective of the NAP measures to reduce legacy P within soils has become
ineﬀective where transitional manures have been applied, for example
on some Arable B ﬁelds, as soil build-up to excessive levels has oc-
curred.
Part of this study was to understand the change in legacy soil P
under the NAP regulations, where reduced area of P risky index 4 soils
was shown in the Arable A catchment while a trend for increased index
4 soils was shown in the Arable B catchment, linked speciﬁcally to the
importation of organic manure P. However, there was also evidence
that greater than 50% of both catchment areas had P deﬁcient soils, i.e.
below the agronomic optimum level (index 3). There was evidence of
mismatches between P inputs and outputs for certain crop types and
farming systems, especially where transitional arrangements for the
import and application of poultry manure and SMC was being utilised.
While NMP is being conducted at the whole farm scale on these farms
this study also indicates that better nutrient management is required
within farms at ﬁeld scale, in order to maximise nutrient P eﬃciency,
and reduce the potential for P loss risk. In particular better spatial
targeting of organic manure inputs towards low STP ﬁelds is needed
and this is incentivised under new NAP arrangements (SI 605, 2017)
where farmers can assume 50% availability of manure P when calcu-
lating application rates for soils with low STP, compared to 100%
availability if manure is applied on soil with high STP.
Overall the ﬁndings from this study highlight the need for improved
Fig. 4. The area weighted proportion of soils in each soil P index for a) Arable A and b) Arable B in 2009 and.2013–2014.
Fig. 5. Mean change in the Morgan P concentration over 4 years by initial soil P index in both in a) Arable A and b) Arable B catchments. Error bars indicate standard
deviation.
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engagement with NMP. Among farmers and experts, NMP is perceived
as one of the most eﬀective measures towards improving P use eﬃ-
ciency on farms and has production and economic beneﬁts for farmers
while simultaneously helping to reduce landscape diﬀuse P loss over
time to local watercourses (Beegle et al., 2000; Darby et al., 2013;
Micha et al., 2018). While NMP has been a mandatory measure via NAP
regulations on a whole territory basis in Ireland since 2006, the eﬀec-
tiveness of this measure for P source risk mitigation has been slow and
variable to date (Schulte et al., 2010; Murphy et al., 2015). Reasons for
sub-optimal NMP implementation on farms have been shown to include
inclement weather, associated economic costs (i.e. soil sampling, fer-
tilizer prices), farmer age, time restrictions due to oﬀ-farm employ-
ment, farm size and enterprise type, (Beegle et al., 2000; Newell Price
et al., 2011; Darby et al., 2013; Buckley et al., 2015), with more ex-
tensive farms being less likely to have a NMP (Roberts et al., 2017).
Other barriers to full implementation of NMP are lack of availability to
local advisory services to provide one to one planning and guidance for
farmers (Micha et al., 2018) and lag-times between advisory interven-
tion and full implementation of the NMP on the farm (Hodge and
McNally, 1998).
However, Buckley et al. (2015) reported that NMP was not popular
with only a 27% level of adoption when Irish farmers that were sur-
veyed about nutrient management related practices on their farms.
Information burden and lack of practicality in NMP general im-
plementation are cited as the main issues (Beegle et al., 2000; Buckley
et al., 2015). More focused education and technical assistance via
knowledge transfer services and via online NMP software tools (Wall
and Plunkett, 2016), especially when delivered by farm advisory ser-
vices, are seen as the most eﬀective means of providing successful im-
plementation of NMP (Darby et al., 2013). Intervention by advisory
services is required to guide correct fertilizer inputs, to increase nu-
trient eﬃciency, and to achieve balanced soil fertility over time while
improving on-farm productivity and reducing the risk of P loss to sur-
face waters.
Linked to this ﬁnal point is the overall need to consider the absolute
water quality risk of high soil P conditions in individual ﬁelds and
where these may or may not be coincident with zones of high runoﬀ
vulnerability (Thomas et al., 2016). This is particularly important
where ﬁelds are slow to draw down legacy P and/or which have and are
being subjected to high P balances but where the runoﬀ risk may ac-
tually be more benign (Shore et al., 2016). Nevertheless, notwith-
standing runoﬀ risk between the ﬁelds and the catchments, the results
of this study indicate that Arable B presents the highest overall P source
risk from ﬁelds with high soil P states, trends and P balances. This
ﬁnding, combined with P contributions from agricultural and domestic
faecal matter (Shore et al., 2017) and a higher surface runoﬀ risk,
provides a strong evidence base explaining the high and low ﬂow P
concentrations patterns observed in this river catchment and likely si-
milar catchments.
4. Conclusions
In two mixed land use agricultural catchments (c.10 km2), where P
management has responded to EU regulations, and with P balance data
on a c.2 ha basis over four year periods, this study found that:
• Mean nutrient P inputs per ha increased over the study period re-
sulting in positive ﬁeld P balances in both catchments.
• Within one predominantly spring cereal cropping dominated
catchment (Arable A) this increase was mostly due to increased
mineral P applications. However, on average, the P fertilizer inputs
did not fulﬁl the P build-up requirements of the soils across this
catchment.
• In contrast, the predominantly winter cereal catchment (Arable B),
mainly had increased nutrient P inputs from organic sources i.e.
cattle slurries and manures, over the period, as a result of increased
livestock densities coupled with an existing reliance on imported
manures from land-limited poultry and mushroom enterprises.
These trends in fertilizer P inputs were further assessed by the re-
sults of a c.2 ha soil P audit taken at the start and end of the study
period. Overall the soil audit showed that:
• Up to 67% of the predominantly Arable A area and 57% of Arable B
had STP levels that were below the agronomic optimum (i.e. P de-
ﬁcient) in 2013. The majority of soils in both catchments of low P
status and this is of concern from agronomic and economic per-
spectives of the farmers in both catchments.
• In contrast, the area of each catchment with high P status and hence
higher P loss risk potential (i.e. STP index 4) declined in the Arable
A catchment by 8% over the study period, but increased in the
Arable B catchment by 4%.
• These results indicate that the distribution of P across the ﬁelds was
sometimes poor within farms and in particular, the distribution of
imported manures to the Arable B catchment often did not match
crops and soil requirements at the ﬁeld scale.
• More than one-third of the land area in both catchments received
fertilizer P inputs on a ﬁeld scale in excess of those required to re-
place crop removal or above that allowed for STP build up, where
required on low STP soils. However, the majority of these farms
were compliant with the P limits speciﬁed in the NAP which are
assessed on a whole farm basis.
While farm-gate P balances can provide essential indictors of source
pressure changes at the farm-system scale, this study demonstrates the
need to account for the actual ﬁeld scale P balances to indicate where
pressures of P attenuation, and hence enhanced or maintained legacies,
may occur within the agricultural landscape. To support regulations on
soil nutrient management in the EU and beyond the EU, policy assisted
schemes and/ or increased knowledge transfer initiatives are required
for farmers to assist and ensure better distribution of organic nutrients
within farms especially in catchments neighbouring conﬁned animal
production units.
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